Genetic causes of premature ovarian failure (POF) include X chromosome deletions and fragile X (FRAXA) premutations. While screening a cohort of women with POF for FRAXA premutations, a more distal trinucleotide repeat, FRAXE, was also tested. We found an unexpected excess of FRAXE alleles with apparently fewer than 11 repeats in the POF group. However, sequence analysis of these alleles showed that the excess was caused by three females who carry cryptic deletions in FMR2, the gene associated with FRAXE. We propose that microdeletions within FMR2 may be a significant cause of premature ovarian failure, being found in 1.5% of women with the condition, and in only 0.04% of the general female population. The deletions may aVect transcription of either FMR2 or an adjacent gene. (J Med Genet 1999;36:767-770) 
FMR2
, at the FRAXE locus, is 600 kb distal to FRAXA in Xq28 and like FRAXA has a trinucleotide repeat within exon 1. 1 The repeat motif is GCC, which is uninterrupted 2 and polymorphic in the normal population. Like FRAXA there are both premutations and full mutations of FRAXE. Premutations are unstable, unmethylated, and range from 50-200 repeats, while full mutations are also unstable but are methylated and usually over 200 repeats. Unlike FRAXA, transmission of a full mutation can occur both maternally and paternally and reductions in repeat number are common, particularly during paternal transmission. 3 The phenotype associated with full mutations of FRAXE is poorly defined: aVected subjects have mild to moderate mental impairment, with IQs ranging from 50-100 and often have speech delay. 4 5 However, they have no consistent dysmorphic features.
The FMR2 gene covers at least 650 kb of genomic sequence, with an open reading frame of 3904 bp. 6 7 FMR2 has 22 exons and is subject to alternative splicing. 8 To date, there is no evidence that the repeat itself is transcribed, but transcription has been reported from 23 bp downstream. 6 The function of FMR2 is unknown but it has sequence homology to AF-4 (MLLT2), a gene on chromosome 4q21 which is thought to encode a transcription activator and is involved in the t(4;11) translocation found in acute leukaemia.
Deletions of FMR2 have been described and fall into two classes: (1) those that inactivate the gene, two of which led directly to the identification of FMR2, 9 and (2) deletions discovered by chance while screening for the number of repeats at FRAXE and assumed to be without phenotypic eVect. Four deletions in the second class have been reported. [10] [11] [12] [13] These deletions were all within the 288 bp flanking the GCC repeat encompassed by the PCR primers 598 and 603, commonly used for determining FRAXE repeat number. Premature ovarian failure (POF) is defined as the cessation of menstruation before the age of 40 and occurs in approximately 1% of women.
14 The majority of cases are sporadic and idiopathic, but it has recently been shown that approximately 3% of sporadic and 13% of familial POF patients carry FRAXA premutations, 15 confirming previous data from fragile X families suggesting a causative link between FRAXA premutations and POF. In the course of screening for FRAXA in a population of 203 women with POF, we also tested FRAXE and observed an excess of FRAXE alleles with fewer than 11 repeats (minimal alleles). 16 One female gave a PCR product 6 bp smaller than would be expected from a zero repeat allele, indicating a deletion within the region flanked by the primers, which suggested that the apparent excess of minimal FRAXE alleles in the POF group might also be the result of deletions in sequence flanking the triplet repeat. Therefore all FRAXE alleles with fewer than 11 repeats in women with POF were sequenced and compared to minimal alleles in a control group of females.
Methods
A total of 209 females with POF were ascertained in one of two ways, either as a diagnostic referral to the laboratory for chromosome testing or from the regional endocrinology clinic at the Middlesex Hospital, London. The control group were 2434 mothers of boys with learning diYculty recruited as part of a fragile X screening survey. DNA was tested for the number of repeats at FRAXA and FRAXE. All minimal FRAXE alleles were sequenced for the POF group, but for the con- trols only minimal alleles that were also carried by a male relative were sequenced, because of the technical diYculty of sequencing people who are heterozygous.
PCR AND SEQUENCING
Estimates of the number of GCC repeats at FRAXE were made by PCR amplification with primers 598 and 603, as previously described. 17 Primer 598 was fluorescently labelled, PCR products were separated on an ABI 377 automated sequencer, and alleles assigned using Genescan and Genotyper software. For sequence analysis, 50 ng of DNA was PCR amplified with primers 598 and U35072 (3 pmol of each), 18 2 mmol/l MgCl 2 , 12.5% DMSO, 0.2 mmol/l dATP, 0.2 mmol/l dCTP, 0.2 mmol/l dTTP, 0.05 mmol/l dGTP, 0.15 mmol/l 7-deaza dGTP (Boehringer), 1 U Amplitaq Gold (PE Applied Biosystems), 0.25 U Pfu polymerase (Stratagene) in a final volume of 15 µl. After an initial denaturation time of 15 minutes at 95°C, 30 cycles of 95°C for 1.5 minutes, 65°C for one minute, and 72°C for two minutes were performed. For female heterozygotes the products were separated on a 2% agarose gel, the smaller band excised, and the DNA eluted into 100 µl of H 2 O, from which an aliquot of 5 µl was used in a second round of amplification with 598 and U35072. PCR products were purified using the Wizard PCR clean-up kit (Promega), eluted in 50 µl of H 2 O, and concentrated to 10 µl in a Speedvac. PCR products were sequenced using the ABI Prism TM dRhodamine Terminator Cycle sequencing ready reaction kit (PE Applied Biosystems) with 4.8 µl of purified PCR product, 4 µl of ready reaction mix, 1.75 pmol primer (U35072, 598, or 603), and 10% DMSO in a final volume of 10 µl. Following cycle sequencing, products were ethanol precipitated and resuspended in 2 µl of formamide loading buVer. Thirty six cm well-to-read, 4.25% polyacrylamide gels were used to separate sequencing products on an ABI 377 automated sequencer.
Results
There is a recognised association between POF and FRAXA premutations and therefore in order to examine the association between FRAXE minimals and POF, the females carrying FRAXA expansions were considered separately. Nine females in the POF group had FRAXA alleles with greater than 50 repeats and one of these had a FRAXE minimal allele. However, sequence analysis of this eight repeat allele did not detect a deletion.
There were 200 POF females with FRAXA repeats less than 51, six of whom appeared to have a FRAXE minimal allele. Three of the six "minimals" were found to have deletions within the FRAXE region flanked by primers 598 and 603 (tables 1 and 2). Subject AM had a 59 bp deletion distal to the GCC repeat ( fig  1) . The other two deletions were proximal to the FRAXE repeat and, as far as we are aware, are the only examples of deletions in this region (fig 1) . JB had a 27 bp deletion and a tract of 15 GCC repeats, consistent with the PCR results. The deletion in JB includes the putative transcription start site for FMR2. KM had a deletion which overlapped that of JB but adjoined and may have included the repeat itself, leaving between four and nine of the original repeats intact. Because there is a tract of five GCC repeats 12 bp upstream from the polymorphic tract, it is impossible to distinguish the two and so the exact location of the deletion breakpoint cannot be determined. The proximal tract of GCC includes the transcription start site.
Forty one minimal FRAXE alleles were ascertained from the fragile X screening survey in women not selected for POF. One of these (TR) generated a PCR product 27 bp smaller than predicted for 0 repeats and therefore must include a deletion. Sequencing of this allele showed a 61 bp deletion distal to the GCC repeat (fig 1) . TR is 30 years old, menstruates normally, and has one child with learning diYculties, who did not inherit the deletion. Of the 40 remaining subjects with minimal alleles, 16 had male relatives with suYcient DNA for sequencing. None had a deletion. By Fisher's exact test this is significantly diVerent from the frequency of deleted alleles in POF females (table 1, p=0.013).
Discussion
Three of the four deletions detected were found in women ascertained because of POF, suggesting a causal relationship. In a previous publication we reported a significant excess of apparently minimal FRAXE alleles in women with idiopathic POF, but this included those with a FRAXA premutation. 16 Excluding those with a FRAXA premutation, 1.5% of chromosomes carried "minimals" compared to 0.85% in a control population of chromosomes, but in the POF group because three of the six "minimals" were in fact deletions, the incidence of true minimal alleles in females with POF is 0.75%, comparable with the control frequency. Omitting deletions in table 1, Fisher's exact test (one tailed) gives p=0.58, whereas p=0.002 when alleles excluding deletions are pooled. Therefore the apparent excess of minimal FRAXE alleles in women with POF 16 can be entirely accounted for by those in whom the minimal is associated with a FRAXA premutation and those who have an FMR2 deletion.
Two of the three POF deletions were near or included the putative transcription start site for FMR2 and are the only reported cases of deletion in this area. It is plausible that deletions in this area could have a dramatic eVect on transcription, either by terminating transcription or perhaps by forcing the use of an alternative start site, thus generating aberrant FMR2 transcripts. There is some evidence that a 12 kb FMR2 transcript which appears to be unique to fetal tissues could be generated by either an alternative 5' or 3' UTR 8 and it is possible that this fetal isoform could be inappropriately expressed if the conventional transcription start site is lost. It might be expected that if transcription was completely absent from this allele that any eVect would be equivalent to having a full mutation at FRAXE, where transcription is prevented owing to methylation We only have four females with FRAXE full mutations on the Wessex register who have been involved in our survey of POF in known fragile X families. Only one of these women had undergone menopause, at the age of 58, and while this does not support the hypothesis that absence of FMR2 causes POF, neither does it discount it. It is likely that X inactivation ratio plays a large part in any eVect, and this cannot be determined in the tissue of interest, namely the ovary. Furthermore, it is possible that unidentified modifying factors may also contribute to the eVect of FMR2 inactivation on ovarian function. More females with FRAXE full mutations need to be studied to determine the role of absent FMR2 expression in POF.
The third woman with POF had a deletion distal to the triplet repeat sequence and it is diYcult to predict what possible eVect such a deletion could have. The deletion overlaps the region known to be deleted in three cases of FRAXA expansion associated with FRAXE deletion, one of whom is from our own laboratory [10] [11] [12] [13] and although there is evidence of an early menopause in female relatives of the full mutation proband in the family we reported, this could easily be caused by the FRAXA premutation which they also carried. Two of the other published cases were also from FRAXA families and no information was given regarding age of menopause in these families. In order to determine the eVect of these deletions on FMR2, we aim to collect fresh blood samples and perform expression studies.
An alternative possibility is that these deletions are interfering with an adjacent gene. The FRAXE repeat is in the 5'-GCC-3' orientation with respect to transcription, rather than 5'-CGG-3' orientation of FMR1, which raises the possibility that the FRAXE CpG island acts as a promoter for a second gene transcribed from the opposite strand. 6 However, to date, no such gene has been identified.
Deletion near the triplet repeat at FRAXE appears to be a relatively common event and we propose the mechanism for this is DNA loop formation owing to the highly repetitive nature of the sequence. 19 Deletions at FRAXE have been found in 1.5% of females with POF, independent of expansion at FRAXA, suggesting this is a significant cause of idiopathic POF. While POF is only associated with the premutation class of FRAXA expansion mutations and not the full mutation where gene expression is switched oV, 20 the association with FRAXE appears to be the result of a diVerent mechanism. FMR2 deletions could cause POF either by aVecting transcription of FMR2 or transcription of a nearby gene.
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